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Key Points
• Highly variable wave modes and amplitudes from 5 to 200 mV/m are
observed near ramps
• First observations of waves in ion acoustic frequency range with frequency
drift are reported
• First observations of ECDI-like waves seen both upstream and downstream
of shock ramps, in contrast to theoretical predictions
Abstract
We present STEREO observations within 1500 proton gyroradii of 12
interplanetary shocks, with long-duration burst mode electric field ac-
quisition by S/WAVES enabling observation of the evolution of waves
throughout the entire ramp of interplanetary shocks. The shocks are low
Mach number (Mf ∼1–5), quasi-perpendicular (θBn ≥ 45◦), with beta
(β) ∼0.2–1.8. High variability in frequency, amplitude, and wave mode
is observed upstream, downstream, and in shock ramps. Observations
in every region include ion acoustic-like waves, electron cyclotron drift
instability driven waves, electrostatic solitary waves, and high frequency
whistler mode waves. We also show for the first time the existence of
“dispersive” electrostatic waves with frequencies in the ion acoustic range
and the first observations of electron cyclotron drift instability (ECDI)
driven waves at interplanetary shocks. Large amplitude waves are bursty
and seen in all three regions with amplitudes from ∼5 to > 200 mV/m.
All wave modes are more commonly observed downstream of the shocks
than upstream of them, usually within ∼ 63000 km (∼ 1500ρgi) of the
ramp.
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†NASA Goddard Space Flight Center, Greenbelt, Maryland, USA.
1
ar
X
iv
:1
90
9.
08
17
6v
1 
 [p
hy
sic
s.s
pa
ce
-p
h]
  1
8 S
ep
 20
19
1 Introduction
Collisionless shock waves have the potential to heat and accelerate charged
particles, but the mechanisms that provide the heating have long been under
study. Free energy sources in the solar wind are sometimes associated with
non-Maxwellian features in the distributions of electrons and ions, or can arise
from interactions of different Maxwellian populations of particles. A given free
energy, often referred to by its associated instability mechanism, will lead to
the growth of specific electrostatic and/or electromagnetic wave modes. Often
each wave mode is identified with the particular instability that converts free
energy into the wave energy. Since shocks have rapid variations in several of the
plasma parameters (e.g., bulk flow speed, magnetic field magnitude and direc-
tion, particle density) there are several processes that contribute to distortions
of the particle distributions. Among these processes are particle beams, particle
reflections, and plasma waves. Observations of the particle distributions and the
plasma waves being generated provide details of the microphysical mechanisms
leading to heating and acceleration of charged particles and of the physics of
shocks in general.
The earliest in situ studies of collisionless shocks took place at Earth’s bow
shock, following various studies on collisionless shocks and bow shocks in the
1950s and 1960s. (e.g., Gardner et al., 1958; Sagdeev , 1958; Morawetz , 1961;
Kellogg , 1962) The first low frequency (∼0.56 – 70 kHz) electric field measure-
ments at Earth’s bow shock were recorded by the OGO-5 spacecraft (Fredricks
et al., 1968). Later, the ISEE (Ogilvie et al., 1977) spacecraft provided the first
view of high-resolution electric field waveforms at the bow shock of the earth, as
these were part of the pioneering mission to carry devices capable of measuring
the time domain electric fields in short-duration, high-resolution bursts (Mozer
et al., 1978). Based upon the ongoing observations of these and other earlier
experiments, researchers proposed that anomalous resistivity due to wave par-
ticle interactions could provide energy dissipation and heating across the bow
shock (Vedenov , 1963; Sagdeev , 1966; Gurnett et al., 1979; Thomsen et al.,
1985). Other mechanisms (e.g., ion reflection) which may not result in strong
waves are also invoked (Paschmann et al., 1980; Gary et al., 1981). In partic-
ular, Langmuir waves (Tonks and Langmuir , 1929; Bohm and Gross, 1949a,b;
Fredricks et al., 1968), ion acoustic (or ion acoustic-like) waves (Fredricks et al.,
1968, 1970; Formisano and Torbert , 1982), magnetosonic whistler mode waves
(Fairfield , 1974), and other wave modes (Fredricks et al., 1970; Rodriguez and
Gurnett , 1975) were observed at the bow shock.
Ulysses (Wensel et al., 1992), WIND (Lin et al., 1995), and other investiga-
tions provided a further look at waves in the interplanetary medium (e.g., Lin
et al., 1998; Hess et al., 1998; Hull et al., 2006; Wilson et al., 2007). Interplan-
etary (IP) shocks, generated by interplanetary coronal mass ejections (ICMEs)
or stream interaction regions (SIRs), are of particular interest because they pro-
vide a large database of collisionless, low (fast) Mach number (Mfast ' 1–5, this
study) shocks with β ranging from ' 0.2–1.8. As in the case of the bow shock,
anomalous resistivity due to wave-particle interactions is considered to be one
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of the primary energy dissipation mechanisms in IP shocks (e.g., Gary et al.,
1981; Fitzenreiter et al., 2003; Wilson et al., 2014a,b; Marcowith et al., 2016),
especially when the fast Mach number is below its critical value, Mcr (typically
∼ 1-2 in quasi-perpendicular (θBn ≥ 45◦) interplanetary shocks (Coroniti , 1970;
Kennel , 1987; Edmiston and Kennel , 1984; Krasnoselskikh et al., 2002)).
Many different wave modes have been predicted by simulation or observed
near collisionless shocks, including Langmuir waves (e.g., Hess et al., 1998; Man-
geney et al., 1999; Wilson et al., 2007), electrostatic solitary waves (ESWs or
solitary waves) (Mangeney et al., 1999; Wilson et al., 2007), ion acoustic-like
waves (IAWs or IA-like) (Kennel et al., 1982; Hess et al., 1998; Mangeney et al.,
1999; Wilson et al., 2007), electron cyclotron harmonics (Bernstein mode) pos-
sibly driven by the electron cyclotron drift instability (ECDI) (Muschietti and
Lembe`ge, 2006, 2013, 2017; Wilson et al., 2010; Breneman et al., 2013; Wilson
et al., 2014a,b; Goodrich et al., 2018), and electromagnetic whistler mode waves
(Kennel et al., 1982; Breneman et al., 2010; Wilson et al., 2009, 2012, 2013,
2017).
The highest frequency, commonly observed waves, Langmuir waves, are elec-
trostatic waves, linearly polarized parallel to the magnetic field, with narrow fre-
quency peaks at or near the electron plasma frequency (fpe), and are thought to
be usually generated by the bump-on-tail instability (Bohm and Gross, 1949a,b).
ESWs are nonlinear bipolar pulses in the electric field, mostly parallel to the
magnetic field, and have been related to electron beams creating electron holes
(Bale et al., 1998), or possibly ion holes (Vasko et al., 2018).
Three wave modes are observed with frequencies from the electron cyclotron
frequency (fce) up to the Nyquist frequency of this study (∼3906 Hz). First,
broadband electrostatic waves observed at frequencies comparable to the ion
plasma frequency (fpi, in the plasma rest frame), which are linearly or ellipti-
cally polarized, and are parallel or oblique to the magnetic field are referred to
as ion acoustic-like waves. Ion acoustic waves are thought to be generated by
ion-ion or electron-ion drifts (Gary et al., 1975; Fuselier and Gurnett , 1984), or
by heat flux and wave decay (Dum et al., 1980; Dyrud and Oppenheim, 2006).
In the case where these waves show frequency changes over time, they are char-
acteristic of dispersive electrostatic waves (DEW), though the frequency drift is
not necessarily identified as dispersion. ECDI-driven waves are characterized by
having electron cyclotron harmonics and half-harmonics, “comma”-shaped po-
larizations, and choppy waveforms (Wilson et al., 2010; Breneman et al., 2013).
They have been recently studied in shock ramps from simulations (Muschietti
and Lembe`ge, 2006, 2013, 2017; Matsukiyo and Scholer , 2006), which suggest
the ECDI waves should occur in the foot and ramp. The polarizations and
choppy waveforms are due to coupling between Bernstein waves and ion acous-
tic waves. ECDI waves are generated by the interaction of reflected ions with
incident electrons (Forslund et al., 1972; Wilson et al., 2010; Breneman et al.,
2013, and references therein), and typically have significant electric field com-
ponents both parallel and perpendicular to the magnetic field. There are only a
few published identifications so far of ECDI-driven waves near shocks (Wilson
et al., 2010; Breneman et al., 2013; Goodrich et al., 2018), though there is reason
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to believe some waves previously identified as IAW are actually ECDI-driven
(Breneman et al., 2013). Ion acoustic-like waves and Bernstein waves are some-
times observed at the same frequency ranges, and are difficult to distinguish
(using automated search algorithms) without taking into account polarization
differences.
At frequencies < fce, whistler mode waves, which are electromagnetic and
right hand polarized, have been observed both upstream and downstream of
IP shocks (Fairfield , 1974; Coroniti et al., 1982; Breneman et al., 2010; Wilson
et al., 2012, 2013, 2017). Whistler mode waves have been observed (in the solar
wind) in two (not necessarily disjoint) frequency bands. The lower frequency
whistler mode waves tend toward the lower hybrid frequency and are usually
upstream of a shock. The higher frequency whistler mode waves are observed
to be between the lower hybrid resonance, flh, and fce, with the most common
occurrence around 0.15 to 0.3 fce (Breneman et al., 2010; Wilson et al., 2013;
Grul et al., 2017; Giagkiozis et al., 2018). They are large amplitude (sometimes
>40 mV/m) and are oblique with significant parallel electric fields. They are
frequently observed downstream or in association with stream interaction re-
gions. It is worth emphasizing that the large-amplitude whistlers seen at these
frequencies in the solar wind are distinct from those often observed upstream
of the Earth’s bow shock, which have frequencies nearer to the lower hybrid
frequency (flh) (Hoppe et al., 1982; Hoppe and Russell , 1983; Wilson et al.,
2016).
Previous studies have typically focused on waves in the ion acoustic (doppler
shifted ∼ 1–10 kHz) to Langmuir (10s of kHz) regimes (e.g., Gurnett and An-
derson, 1977; Gurnett et al., 1979; Hull et al., 2006; Wilson et al., 2007), and
on the lower frequency (.1 Hz) upstream (magnetosonic) whistler mode waves
(Hoppe et al., 1982; Hoppe and Russell , 1983; Russell and Hoppe, 1983; Wil-
son et al., 2016). This study focuses on plasma waves with frequencies from
∼10Hz–∼4 kHz, to understand the importance of waves in this frequency range
in the structure of shock ramps, as well as energy dissipation mechanisms asso-
ciated with the shock ramps. This frequency range permits observation of some
Doppler shifted ion acoustic-like waves (&1 kHz), dispersive electrostatic waves,
ECDI-driven waves, and whistler mode waves (typically . 60 Hz), as well as
ESWs. Examples of each mode are shown in Figure 2, described in detail in
the next section. Furthermore, we utilize time domain waveforms over intervals
more than 10 times as long as previous studies (Figure 1, described later in this
section), allowing for observation of waves and their packet structure through-
out the transition region of a shock in a single capture. Direct observation of
Langmuir mode waveforms and packets is not possible in this study since the
electron plasma frequency is & 9 kHz. However, spectral data at lower time res-
olution can be used to observe the presence of possible Langmuir waves near the
shocks. Note that we focus on waves with (zero-to-peak) amplitudes > 5mV/m.
Figure 1 demonstrates that this study has the ability to observe evolution
of waves throughout the shock transition region and ramp. Previous studies on
WIND used burst electric field data which lasted only 17 ms for each capture,
and which had a lower frequency bound of ∼ 60 Hz. This barred the studies
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Figure 1: The relative durations of the electric field measurement bursts on
previous studies using STEREO and WIND. A mock shock ramp is plotted,
with a duration comparable to what is seen in this (and other) studies, and full
coverage can be attained using the ∼2s TDS mode of STEREO.
from seeing wave evolution continuously in the ramp, and from seeing lower fre-
quency waves, such as whistlers, in the electric field data. Studies on STEREO
were performed previously as well, though with burst captures of much shorter
lengths, which permitted observing whistlers, but could not survey the full du-
ration of the typical shock transition region. Figure 1 shows a simulated shock
ramp, with a transition region of about 1-1.5 seconds, comparable to the aver-
age ramp duration of ∼1.2 seconds seen in this study. Longer bursts are vital
for being able to observe the evolution and variability of waves throughout the
ramp, as we show with the dramatic changes in wave modes and amplitudes
that could not be studied with earlier instruments. Cluster (and more recently
MMS) have had waveform captures long enough to cover the ramp regions of
quasi-perpendicular bow shocks (as discussed in Balikhin et al. (2005); Kras-
noselskikh et al. (2013); Goodrich et al. (2018, 2019) ). ARTEMIS has also had
long waveform captures in interplanetary shocks (Davis et al., 2018).
In Section 2, we describe the instrumentation and methodology for identify-
ing IP shocks and the wave modes observed in the time domain sample (TDS).
In Section 3, we describe in detail the observations of two shocks to highlight
the variability in the wave modes seen through the ramp and in the upstream
and downstream regions. Section 4 describes the statistics for the 13 events. A
discussion and the conclusions are presented in Section 5.
5
2 Instrumentation and Methodology
The STEREO satellites have heliocentric orbits slightly inside (STEREO-A) or
outside (STEREO-B) 1 AU to respectively lead and lag Earth. Thus the space-
craft locations will vary in each of the time periods in this study. During the
2011 interval, the satellites were on opposite sides of the Sun, along a line ap-
proximately perpendicular to the earth-sun line. During the 2017-2018 interval,
only STEREO-A was operational.
2.1 STEREO Fields and Particles
The STEREO WAVES (or S/WAVES) instrument (Bougeret et al., 2008) mea-
sures the 3D electric field of waves in the solar wind. The time domain sampler
(TDS) (Bougeret et al., 2008; Bale et al., 2008) acquires 16384 samples per
burst, and has four settings with sampling rates (capture durations) of 250 kilo-
samples/s (66 ms), 125 kilosamples/s (131 ms), 31250 samples/s (524 ms), and
7812.5 samples/s (2.097 s). Data exceeding a selection amplitude and onboard
quality threshold is saved around the largest amplitudes and sent to the ground.
These data will be referred to as “TDS captures” (or “TDS samples”). The an-
tennae on STEREO are responsive to density fluctuations in addition to the
electric fields, but each antenna will be affected similarly to the others, and
a pseudo-dipole channel can be included to isolate low frequency waves from
density fluctuations on the scale of the STEREO spacecraft (Breneman et al.,
2010) . High frequency (2.6 kHz - 16.025 MHz) electric field intensities are mea-
sured with the low frequency receiver (LFR) and high frequency receiver (HFR),
which are averaged each minute and will be referred to as “spectral data.” All
frequencies examined in this study are in the spacecraft frame.
We utilize data from three instruments in STEREO IMPACT (Luhmann
et al., 2008). The 3D magnetic field is measured by the fluxgate magnetometer
(MAG) instrument (Acun˜a et al., 2008), which has a normal mode of 8 samples/s
and a burst mode of 32 samples/s. The solar wind electron analyzer (SWEA)
(Sauvaud et al., 2008) provides electron distributions for energies from ∼50 eV
up to 3 keV and the suprathermal electron telescope (STE) (Lin et al., 2008)
measures electron flux for energies from 2 to 100 keV. The core of solar wind
electrons is not observed.
The STEREO PLASTIC instrument suite (Galvin et al., 2008) measures
moments of proton distributions from energies of ∼0.3 to 80 keV/e. Bulk flow
speed, density, and temperature are derived using a 1D Maxwellian fit of the
moments, and the data are averaged over 1 minute.
Following solar conjunction, STEREO-A was rotated about the sun-spacecraft
line by 180◦. As such, the view directions of many of the particle instruments
are no longer along the nominal Parker spiral, but are rather perpendicular to it.
Nonetheless, it is expected that this does not affect the observation of energetic
particle events, but it does hinder the observation of beams streaming along the
Parker spiral [private communication, R. Mewaldt, J. Luhmann, D. Larson].
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2.2 Shock Identification
This study focuses on the 2.097 s (from here referred to as 2.1s) duration TDS
captures, taken by the S/WAVES instrument. During 2011, there were inter-
mittent times from June-November when S/WAVES operated in the 2.1s burst
mode. In March 2017, the instrument was switched to only take data in this
2.1s mode, and our study includes the interval from March 2017 - January 2018.
During the first time period both STEREO-A and STEREO-B were operational,
with only STEREO-A remaining during the second. We limit our main obser-
vations to quasi-perpendicular shocks (angles to the upstream magnetic field
θBn ≥ 45◦) where there are TDS samples within 1500 proton gyroradii (ρgi) of
the shock ramp. This ranges from ∼60,000 km to ∼80,000 km for our events.
The distance of 1500 ρgi was chosen to preserve a consistent length scale, rather
than a time scale, between shocks, which can have largely varying associated
solar wind speeds.
Parameters for the shocks were obtained using the Rankine-Hugoniot rela-
tions along with upstream and downstream data for the magnetic field, density,
bulk ion velocity, and ion temperature. The details on the algorithm and par-
ticular methods of determining shock normal angle and shock speed are given
in Koval and Szabo (2008) and Vin˜as and Scudder (1986). Shocks in this data
set were identified from large variations observed in the magnetic field, from
the IMPACT fluxgate magnetometer, which were accompanied by increases in
density, proton temperature, and bulk flow speed as measured by PLASTIC.
The ramp regions of the shocks are determined using the magnetic field, since
the 8 Hz cadence, and in a few cases the 32 Hz burst cadence, provides the
highest time resolution of the relevant plasma parameters.
There has been discussion of possible misidentification of several types of
plasma discontinuities as shocks, including contact, tangential, and rotational
discontinuities (Hudson, 1970, 1971). Generally, Hudson (1970, 1971) finds that
contact discontinuities are not expected to be observed near 1 AU, tangential
discontinuities show magnetic field compression of less than 20%, and rota-
tional discontinuities only show compression up to 6% and don’t necessarily
have magnetic field and density values correlated. Thus, to qualify as a quasi-
perpendicular forward shock, the following criteria (consistent with, though less
stringent than, the Kilpua et al. (2015) shock identification criteria) were re-
quired:
Bdown
Bup
≥ 1.2
Ndown
Nup
≥ 1.2
|Vdown − Vup| ≥ 10 km s−1
θBn ≥ 45◦
within the margin of error associated with each measurement.
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2.3 Wave Mode Identification
Wave modes are identified primarily via visual inspection of the data, including
analysis of the highest power observed frequencies, two-dimensional polariza-
tions (hodograms), and the physical characteristics of their waveforms (e.g.,
amplitude, ellipticity). To facilitate wave mode identification, the three electric
field components are rotated into a magnetic-field-aligned coordinate system
(FAC), where the magnetic field direction is taken to be a piecewise step func-
tion over each 0.125s interval (the sample rate for the DC magnetic field). The
magnetic field unit vector is defined as the parallel direction of the FAC sys-
tem. The cross product of this direction with the spacecraft x direction defines
one perpendicular direction (referred to as Ey or E⊥2), and the cross product
of E⊥2 with E|| completes the right hand system (referred to as Ex or E⊥1).
When this coordinate system is difficult to define the electric field is analyzed
in a minimum-variance coordinate system. The field aligned coordinate system
allows determination of the highest amplitude components relative to the mag-
netic field direction, which can be a useful heuristic for identifying the specific
wave modes that are present.
Figure 2 presents examples of the wave modes categorized in this study; the
durations of each plot are chosen to best showcase the wave being observed,
and are not uniform. A wave packet is herein defined as an electric field wave-
form which has one point of at least 5 mV/m (zero-to-peak) in amplitude, and
includes all adjacent points of at least 3.33 mV/m. Figure 7, discussed later,
shows examples of these packets. Since the solar wind speeds are small com-
pared to the speed of light v/c << 1, we know the contribution of any Lorentz-
transformed magnetic field from the plasma frame to the spacecraft frame would
be small compared to the typical E-field magnitude. The electric field parallel
to the background magnetic field, Figure 2a, is shown in blue; one perpendicular
component is shown in red. The wave begins as an ion acoustic-like (IA-like)
wave, evidenced by a steady power spectrum sustained near the ion plasma fre-
quency. The packet then displays some dispersion, with frequency decreasing
in time below the ion plasma frequency, then increasing in time just before the
packet ends, as shown in the sliding Fast Fourier Transform (sliding FFT) to
the right. Dispersive electrostatic wave (DEW) packets, Figure 2b, often cover
a wide range of frequency space in the FFT (right of 2b), and are interspersed
with IAW-like waves (center-left of 2b). The change of frequency over time is
not characteristic of IAWs, which are not dispersive, and so waves in a typical
IAW frequency range which exhibit frequency changes in time are DEWs. The
change of frequency in time is not necessarily due to dispersion, and may have
other causes, discussed briefly below. A clear whistler mode wave (∼50 mV/m),
Figure 2c, is observed with a simultaneous, much lower amplitude, ion acoustic
wave (IAW). IAWs are identified by having a power spectrum near and above
the ion plasma frequency, with linear or elliptical polarizations. The FFT over
the whole time period shows that the whistler wave has a peak power below
the local electron cyclotron frequency, fce (determined with 8 Hz magnetic field
data), and the IAW has power above the local ion plasma frequency, fpi (de-
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Figure 2: Example TDS captures of waves observed in this study. (a) An
IA-like wave, with a sliding FFT on the right, showing broadband power in
the kHz range. (b) Several dispersive electrostatic packets, with highest power
frequencies changing over time from as low as a few hundred Hz up to a few
kHz. (c) A large amplitude, narrowband whistler mode wave. The right shows
a large peak below the electron cyclotron frequency, as well as a broad peak
above the ion plasma frequency suggesting a simultaneous IA-like wave. (d) A
broadband whistler mode wave, with power enhancement below and around the
fce (e) An ECDI-like wave. The right top shows regular peaks at fce harmonics
and half harmonics and the right bottom shows comma-shaped hodograms. (f)
An ESW, showing bipolar response parallel to the field and unipolar response
in E⊥1. In all panels, E|| is in blue, E⊥1 is in red. Note time durations and
amplitude ranges of samples differ.
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termined with 1 minute average density data). Figure 2d shows a broadband
whistler mode wave with less regularity, but still right hand polarized, which has
power primarily below fce. Whistler mode waves have previously been identified
in the spacecraft frame, as in Breneman et al. (2010), and we follow the same
methods of frequency and right-hand polarization analysis. In this example,
regular peaks are seen in the power spectrum to the right, but these peaks are
not spaced at fce or its harmonics. The wave in Figure 2e shows the features de-
scribed by Breneman et al. (2013) to identify as generated by the ECDI. These
include a choppy waveform, peaks in the power spectrum corresponding to elec-
tron cyclotron harmonics and half harmonics, and a comma-shaped hodogram
for the parallel (Ez) and first perpendicular (Ex) components of the wave to the
magnetic field. Figure 2f shows an electrostatic solitary wave, exemplified by
the bipolar response parallel to the magnetic field and unipolar response in the
perpendicular direction , consistent with previous research (Andersson et al.,
2009).
Automated identification (auto-id) software was developed to assist in anal-
ysis of wave modes. In the auto-id program, TDS samples (Ex, Ey, Ez, Edip)
are discrete Fourier transformed to distinguish the highest power frequencies
in several bands in user-selected time steps (typically from ∼ 1 − 10% of the
TDS) to observe the evolution of the dominant frequencies. For this study, the
automated identification categorizes waves into 3 bands, 10 Hz – 0.5fce, 0.5fce –
fce, and fce–3906.25 Hz. Ion acoustic-like waves, dispersive electrostatic waves,
and ECDI driven waves will sometimes be categorized in this study under the
umbrella term of “Intermediate Frequency Waves,” where “intermediate” is ref-
erencing the range of frequency space lying between the electron gyrofrequency
and the Nyquist frequency of this study. Since Langmuir waves cannot be di-
rectly observed in this study, we use the LFR/HFR spectral data to see whether
there is significant power at or near fpe within a few minutes of the shock. In
Figure 2c, the auto-id would have been able to detect waves of intermediate
frequencies and label them as ion acoustic-like, as well as the whistler mode
wave and label it as such. However, due to the reliance on frequency alone, the
software could not identify other wave modes that we are listing here.
3 Observations of Waves at Two IP Shocks
To demonstrate more specifically that wave modes associated with shocks are
highly variable, both in and around the ramp region, we will show two cases:
the highest Mach number shock in our set of events, on 2017-10-21, and the
lowest Mach number shock, on 2011-11-05. For all shocks in this study, the
TDS captures which were within 1500 proton gyroradii (computed based upon
thermal velocity, vth) of the shock front were analyzed. (For average solar
wind speeds, 1500 ρgi ∼87300 km upstream, ∼ 63000 km downstream; or ∼
254s upstream, ∼ 166s downstream; however, each event was analyzed using
the in situ measurements of plasma parameters, e.g., solar wind speed, not the
average.)
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An overview of the highest Mach number ('5.4) shock in this study is shown
in Figure 3. The shock ramp occurs at ∼03:25, as evidenced in the jump in the
magnetic field (Figure 3e) with the increase in bulk flow speed, density, and tem-
perature (Figure 3d). Immediately following the shock, the 2-100 keV electrons
in the downstream STE data show enhancements, in particular at the lowest
energies (Figure 3b), which are streaming away from the sun. There is also
a structure at high energy just upstream, and at lower energies far upstream
which suggest reflected particles. (Note the upstream-facing STE instruments
suffer from much worse glint issues than the downstream-facing instruments,
which are being used in this study.) The energetic electrons also show a signa-
ture of possible reflections of electrons off of the shock. There is also a clear
enhancement in several lower electron energies (∼50 eV – 1.7 keV) in the SWEA
data (Figure 3c1-3) across all pitch angles, most notably counter-streaming to
the magnetic field. The largest amplitude waves are observed during or very
close to the ramp and in the region immediately downstream (Figure 3f). The
spectral data (Figure 3a) shows enhanced power near the local plasma frequency
for several minutes upstream of the shock, as well as possible enhancement a
few minutes upstream, suggesting the presence of Langmuir waves (cf. Wilson
et al. (2007), which observed Langmuir waves commonly upstream of shocks,
which are more difficult to observe in this study).
The TDS capture shown in Figure 4 overlaps with the ramp region for the
first 0.409 s. The electric field amplitude in the component parallel to the mag-
netic field (4b,4d) peaks at >200 mV/m. Furthermore, in the shock ramp itself
we find whistler mode waves (4b,4c), intermediate frequency wave packets (in-
cluding 4b,4d,4b,4e), and an ESW (4b,4e), demonstrating that a shock ramp
can contain several wave modes across a wide range of frequency space. For
instance, during the ramp we see whistler mode waves occurring simultaneously
with IAW-like waves. Additionally, there are intermediate frequency and elec-
trostatic solitary packets throughout the downstream portion of this TDS. The
highest amplitude wave packets in this capture are highly nonlinear and do not
seem to coincide with the electron cyclotron harmonics or ion plasma frequency
(4b,4d).
The event on 2011-11-05 provides further insight into the variability of waves
within 1500 proton gyroradii of the ramp. Table 1 (discussed in detail in sec-
tion 4) shows that the Mach number for this shock is the lowest in our data set,
though the ions were significantly heated compared to the average (Tdown/Tup
∼ 2.2, average ∼1.8). The shock ramp occurs near 21:12, as seen in the proton
data (Figure 6d) and the magnetic field data (Figure 6e). Note that the ramp
structure is complex and the magnetic field indicates a clear ‘foot’ structure up-
stream. The time resolution of the plasma data (Figure 6d) is not adequate to
resolve this structure. The spectral data (Figure 6a) shows no clear enhancement
near the plasma frequency upstream (fpe∼27kHz), in the ramp, or downstream
(fpe∼39kHz), thus there is no evidence for large amplitude Langmuir waves.
The SWEA data (Figure 6c1-2) show complex and changing enhancements to
the electron distribution, though only in the lowest energy channels. There is
a foot structure observed upstream, and there are enhancements in the per-
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Figure 3: Shock event on STEREO-A. (a) Electric field intensity above back-
ground averaged over each minute around the shock. The electron plasma fre-
quency is overlain. (b) Electron counts in energies 2-100 keV over time from
STE. (c1-3) Electron pitch angle distributions from SWEA, at the energies
1716.4 eV, 650.7 eV, and 93.5 eV, showing a peak at 180◦ showing electrons
flowing anti-sunward. Color axis is distribution function in s3km−6. (d) The
proton density (black, in cm−3), temperature (green, in K), and velocity (red,
arbitrary units), at a rate of once per minute. (e) The total magnetic field
(black) and 3 components in RTN (orange, red, green, respectively). The data
rate displayed here is 8 Hz. (f) The parallel component of TDS burst data from
S/WAVES in the 2.1s mode. Braces denote 1500 ρgi upstream and downstream
of the shock.
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Figure 4: TDS which overlaps with 2017-10-21 shock ramp. (a) FFT of one
perpendicular (top, Ex) and one parallel component (second, Ez) of TDS over
each 64 points. (b) Three components of the electric field near a shock on 2017-
10-21, displaying the full 2.1s TDS. The shock ramp coincides with the first
0.409s of this TDS. The electric field is in FA coordinates. (c) Low and high
pass filtered ramp waves. A whistler mode wave is seen in the upper diagram.
(d) The largest amplitude wave in this TDS, an intermediate frequency wave of
∼200 mV/m in amplitude. (e) An ESW followed by an intermediate frequency
packet in the ramp.
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Figure 5: (Top Panel) Three components of the electric field in FAC. (Bottom)
Hodograms of each pair of components. The hodograms evidence an elliptical,
left-hand polarized wave. A square denotes the start of each hodogram, and a
diamond denotes the end. Arrows trace the direction the hodogram travels in
time. The peak frequencies are near ∼450 and ∼650 Hz, with a local fce ∼350
Hz and a local fpi ∼950 Hz.
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pendicular electrons slightly further upstream. The STE data show no clear
enhancement in the 2–100 keV electrons. The highest amplitude waves which
have been transmitted are again immediately downstream (Figure 6f). As we
discuss in more detail below, the waves upstream of this shock display frequency
drifting characteristics, while the waves downstream have many signatures of
being ECDI driven.
There are several waves of special interest encountered throughout this study,
as they prove difficult to classify as one of the usual modes identified in previ-
ous studies. Upstream of the 2011-11-05 shock, we see waves with significant
frequency drift and polarization changes occurring in concert with change in
the sign of the drift (Figure 7, discussed below). Downstream of this shock,
there are a few ECDI-like packets, the final of which grows in amplitude and
shifts in frequency into what appears to be an IA-like power spectrum. Near 0.4
seconds downstream of the 2017-10-21 shock, in Figure 5, we see the hodograms
evidence an elliptically polarized wave. The FFTs show the peak frequencies
are near ∼450 and ∼650 Hz, with a local electron gyrofrequency of ∼350 Hz
and a local ion plasma frequency of ∼950 Hz. The wave has been rotated to
the nearest local magnetic field measurement. The leftmost hodogram shows
the trajectory of the wave around that magnetic field line, which comes out of
the page. We can see that the wave generally travels in a left-handed manner
relative to the most recent magnetic field measurement. It is worth noting that
the magnetic field may have gone through a rotation since the previous mag-
netic field measurement. However, the magnetic field measurement immediately
preceding this and the magnetic field measurement immediately following this
differ by less than 5◦. More observations could provide better insight to this
phenomenon, and could clarify whether this is in fact a previously unobserved
mode. Two wave packets further downstream of this shock appear highly non-
linear, show evidence of electron cyclotron harmonics, consistent with ECDI,
and have amplitudes of ∼60 mV/m and ∼200 mV/m.
Upstream of the 2011-11-05 shock, we observe a TDS which displays large
changes in the frequency during each of three separate wave packets (Figure
7). The FFTs of one perpendicular (Ex) and one parallel (Ez) component are
plotted (Figure 7.(a.1-2)), demonstrating that the frequencies of packets can
increase, decrease, or display behavior that drifts both positively and negatively.
The frequencies observed here are primarily above the local ion plasma frequency
(fpi). The waveforms are shown (Figure 7b) with packets outlined by black
lines, denoting where the waves are at least 3.33 mV/m in amplitude, with
nearby amplitudes of at least 5 mV/m. Furthermore, from the hodograms, we
see that the polarization of the wave packets is not consistent throughout the
TDS (Figure 7c), switching direction during and at the end of the second wave
packet. The polarization in Figure 7c from 0s to 0.8s is shown in blue, the
polarization from 0.8s to 1.1s in green, and the polarization from 1.1s to 2.1s
in red. Note that these times approximately coincide with changes in the sign
of the derivative of the frequency change. The lowest frequencies in the second
packet are ∼ fpi ≈ 630 Hz. A Fourier transform of the whole time range reveals
separated peaks, but they are not clearly spaced either at fce nor at 0.5fce, thus
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Event Overview 2011-11-05
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Figure 6: STEREO-A with interplanetary shock on 2011-11-05. (a) Electric
field intensity above background, averaged (1 minute resolution). (b) Electron
counts in energies 2-100 keV over time from STE. (c.1-3) Electron pitch angle
distributions from SWEA, at the energies 93.5 eV and 57.5 eV. Color axis is
distribution function in s3km−6. (d) The proton density (black, in cm−3),
temperature (green, in 104K), and velocity (red, arbitrary units), at a rate of
once per minute. (e) The total magnetic field (black) and 3 components in RTN
(orange, red, green, respectively), at a rate of 8 Hz. (f) The parallel component
of TDS burst data from S/WAVES in the 2.1s duration mode. Braces denote
1500 ρgi upstream and downstream of the shock.
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we classify this as a dispersive electrostatic wave. The specific wave mode and
free energy sources for DEW have not yet been determined, and are the subject
of ongoing studies.
In contrast, as shown in Figure 8, a number of the waves downstream of the
2011-11-05 shock demonstrate regular peaks, coinciding with integer and half-
integer harmonics of the electron cyclotron frequency. Furthermore, the broad
frequency peaks are either greater than or coincide with the local ion plasma
frequency. Note that Doppler shift has not been taken directly into account.
The hodograms are not strongly comma-shaped, but do exhibit irregular polar-
izations, which are neither consistently elliptical nor consistently linear. Thus
the majority of these wave packets have been identified as ECDI-driven waves,
with the remainder classified as ion acoustic-like waves.
The 5 TDS captures which overlapped with the ramps of interplanetary
shocks showed that every wave mode that could be observed within the con-
straints set by the Nyquist frequency was present in at least one shock ramp.
Notably, there was a capture overlapping the end of a shock ramp (with rel-
atively high β for this study) which showed no large amplitude waves within
the observed frequency range for that duration of the ramp. While the TDS
captures did not have perfect coverage of all ramps, it is interesting to note that
the observed waves are rapidly varying within the very short duration of the
shock ramp.
4 Summary of Shocks with TDS
A total of 12 shocks from the 2011 and 2017-2018 intervals had at least one 2.1s
TDS burst within 1500 proton gyroradii (for average solar wind speeds, ∼87300
km upstream or ∼ 63000 km downstream, or on the order of ∼10-15 RE) of
the shock ramp. The shock parameters are shown in Table 1. The downstream
(subscript d) to upstream (subscript u) ratios for magnetic field magnitude,
density, and temperature are average values over a period of 5 minutes near
the shock. The fast Mach numbers ranged from 0.6 to 5.4. Note that the Mach
numbers and shock normal angles to the magnetic field are difficult to determine,
and are all consistent within their margins of error with quasiperpendicular
shocks. An estimate of the first critical Mach number, obtained from results in
Edmiston and Kennel (1984), indicates that 3 of the shocks are supercritical,
with Mf/Mcr ranging from 0.2 to 2.0. Of these, 5 shocks had at least partial
TDS coverage of the ramp (denoted by an asterisk on the date). The average
ramp duration was ∼1.2s, with an average coverage of ∼70% of the ramp for the
five cases. Four of the five ramp TDS had waves with amplitudes larger than 5
mV/m, while the fifth had no waves >5 mV/m within the observed portion of
the transition region.
It is interesting to note that the event on 2017-05-22, which was the ramp
capture with no waves ≥ 5 mV/m detected in the frequency range of this study,
had the highest β of this subset (Table 1). The ramp TDS for this event, which
triggered off a wave ∼0.5 s downstream of the ramp, covers only the latter half
17
TDS Upstream of Shock
Figure 7: STEREO-A TDS upstream of 2011-11-05 shock event. (a.1-2) FFTs
of one perpendicular (Ex) and the parallel component (Ez) of the electric field.
The ion plasma frequency is plotted as a black line. (b) The parallel and per-
pendicular components of the electric field in a 2.1s TDS. Wave packets are
shown marked by black outlines, with the vertical lines falling at the beginning
and end of each packet. (c) Three hodograms showing polarization cross sec-
tions over the whole time interval in field aligned coordinates. The polarization
changes in time are denoted by blue, then green, then red in time.
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Figure 8: STEREO-A TDS downstream of 2011-11-05 shock event. (Top) Full
2.1 second TDS, with several packets and an instrumental effect in E⊥1. (a) An
ECDI-like wave and its FFT, showing peaks spaced at about 0.5fce which do
not always coincide with the precise harmonics. (b) An ECDI-like wave with
large peaks near fce harmonics and half harmonics. (c) An ECDI-like wave with
broad power peaks near fce harmonics. (d) An ECDI like wave with elliptical
and comma shaped hodograms. FFT peaks coincide with harmonics at 1.5,2,3,
and 4 fce. (e) An IAW-like wave with broad power around fpi. Note that the
top panel indicates packet durations.
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Table 1: Shock parameters of 12 forward shocks in which we had TDS captures
within 1500ρgi of shock ramp. The dates with asterisks (*) denote the shocks for
which there were TDS captures partially or completely overlapping the shock
ramp. Underlined dates had magnetosonic whistler precursors. Daggers (†)
indicate supercritical shocks. Velocities are in km/s. Magnetic field data are
from IMPACT; N,T, and V data are from PLASTIC proton measurements.
Subscript u(d) represents the upstream(downstream) value. The number of TDS
in the upstream (downstream) region is given by #U(D), with peak amplitudes
in mV/m.
Date Time Bd/Bu Nd/Nu Td/Tu |∆V | β Mf θBn Vsh
Mf
Mcr
#U(pk) #D(pk)
2011-07-23 09:41:10 1.78 3.19 2.17 30 0.94 1.3± 0.3 48◦ ± 10◦ 390 0.5±0.1 1 (20.95) 3 (18.32)
2011-08-06 12:42:39 2.64 3.70 1.47 57 0.65 1.8± 0.4 73◦ ± 14◦ 421 0.8±0.2 0 1 (9.75)
2011-09-08 16:01:27 3.71 2.27 3.21 58 0.22 2.2±0.4 80◦ ± 8◦ 370 0.9±0.1 0 14 (58.18)
2011-09-19 13:35:47 1.49 1.72 1.53 27 0.57 1.7±0.6 59◦ ± 9◦ 318 0.7±0.2 0 2 (5.8)
2011-11-05 21:12:09 2.28 1.91 1.82 24 0.17 1.0 ±0.5 66◦ ± 8◦ 259 0.4±0.2 1 (19.54) 4 (49.25)
2017-05-04 21:01:27 1.39 1.57 1.44 26 0.51 2.1±2.7 60◦ ± 11◦ 261 0.9±1.1 0 1 (75.36)
2017-05-09*† 10:30:39 2.66 4.17 3.37 96 0.85 2.6±0.4 60◦ ± 14◦ 465 1.1±0.2 2 (50.86) 2 (35.65)
2017-05-22*† 17:22:19 1.46 1.61 1.46 24 1.81 2.7±0.5 37◦ ± 14◦ 291 1.5±0.3 0 6 (15.7)
2017-06-20 08:38:00 1.32 1.87 1.19 22 1.40 1.6±0.5 58◦ ± 13◦ 333 0.8±0.3 0 2 (10.65)
2017-07-16 19:39:29 1.63 1.40 1.15 12 0.77 1.7±0.9 56◦ ± 15◦ 177 0.8±0.5 0 1 (11.26)
2017-10-21*† 03:24:57 2.16 2.48 4.26 110 1.05 5.4±1.0 77◦ ± 9◦ 493 2.0±0.4 2 (9.55) 11 (213.64)
2018-01-17* 17:39:31 1.52 1.65 1.82 34 0.36 1.8±0.6 56◦ ± 9◦ 361 0.7±0.3 7 (25.1) 9 (44.26)
of the ramp. It is possible that the relatively high value of β suppressed growth
of high amplitude perturbations in the electric field, in addition to smaller free
energy sources associated with the low Mach number.
The TDS were more frequently transmitted from downstream of the shocks,
suggesting the amplitude of waves tends to be higher in the downstream than
in the upstream region (Table 2), since the transmission of TDS bursts is based
upon amplitude trigger. Wave amplitudes are observed to reach higher am-
plitudes overall in supercritical shocks than in subcritical shocks, though this
is not the case for every supercritical shock. Due to the function of the TDS
capturing, the highest amplitude waves are saved with lower amplitude waves
being discarded. From this, we can conclude that no waves (within the frequen-
cies observed) of amplitude & 80mV/m were observed in the subcritical shock
ramps in this study. While all wave modes being investigated in this study were
observed downstream and in the ramp, there were few observations of the high
frequency whistler mode waves upstream. This can be compared to Breneman
et al. (2010), who found whistler mode waves were associated with shocks, but
did not distinguish between the upstream or downstream regions. In contrast,
there is evidence for upstream low frequency whistler mode waves in 7 of the 12
events in our data set (Table 3). Four of the five highest Mach number events
(Mf > 2) did not have observed whistler precursors, nor did the event with the
lowest Mach number. However, it has been shown previously that at supercrit-
ical shocks, these waves can be Doppler shifted out of the range of a fluxgate
magnetometer (Wilson et al., 2012). This is consistent with the results of Wil-
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Table 2: A count of the number of large amplitude (≥ 5 mV/m) wave packets
of ion acoustic (IAW), ECDI, dispersive electrostatic (DEW), whistler mode
(whistler), and electrostatic solitary waves. There were a total of 14 TDS with
time upstream, 4 TDS with time in the ramp, and 56 TDS with time downstream
over all events in this study. Note a single TDS could contain any, all, or none
of these wave modes.
Location IAW ECDI DEW Whistler Solitary
Upstream 13 5 24 3 2
Ramp 6 1 3 1 3
Downstream 131 22 103 51 18
Table 3: Upstream magnetic field low frequency whistler frequencies and am-
plitudes. Dates which had no clear evidence of upstream whistlers have been
omitted.
Date Frequency (Hz) Amplitude (nT) Date Frequency (Hz) Amplitude (nT)
2011-07-23 0.2 1.3 2017-05-09 2.9 2.0
2011-08-06 3.2 1.6 2017-06-20 2.9 0.4
2011-09-19 1.7 0.4 2017-07-16 1.3 1.2
2011-11-05 1.1 1.6 2018-01-17 0.9 1.2
son et al. (2017), who found that ∼78% of IP shocks had upstream whistlers
with no dependence on shock parameters. Although earlier observations and
simulations found ECDI waves only in the ramp or the foot region of the ramp,
we observed only one ECDI wave in the ramp, and most were seen downstream.
Determining the relative occurrence of different wave modes is difficult. How-
ever, when the number of packets was normalized to the time duration spent
in each region, all wave modes were most commonly observed in the ramp, fol-
lowed by downstream of the shocks, then upstream. The low number of ramp
captures and lack of consistent, total ramp coverage limits the inferences that
can be drawn from this, but the higher rate of incidence of downstream captures
suggests large waves are more often present in downstream of the shocks than
in the upstream region of the shock.
In several events, such as 2011-09-08 and 2011-11-05, we observe “dispersive”
electrostatic waves, which can have frequency changes in both an increasing and
decreasing sense, though not necessarily due to dispersion. One possibility [pri-
vate communication, P. Kellogg ] is that frequency changes could be ion acoustic
waves following the local ion plasma frequency through very small, .Debye-
scale changes in density. Future studies, potentially using the S/WAVES Low
Rate Science (LRS) data on STEREO (Bougeret et al. (2008)), or data from
Parker Solar Probe, MMS, and ARTEMIS could investigate the association of
the waves with density changes to test this idea. It is evident that in some
cases the frequency changes may correspond to changes in the magnitude of the
B field, however, this is not a consistent result. It was investigated whether
the frequency change follows nfce for integer n=1–16 harmonics, however the
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changes in nfce are too small to account for the large frequency drift.
All wave modes were more often observed with at least one other mode
present than by themselves. For waves that did appear alone, we analyzed the
relationship between the amplitudes of these packets andBd/Bu, Nd/Nu, Td/Tu,
β, and Mf . There were only weak correlations for any wave mode analyzed with
any of these parameters. Only looking at the largest wave amplitude in each
event on each date, we do recover positive correlations between the largest waves
and the Mach numbers, as well as with Td/Tu, in agreement with a previous
study (Wilson et al., 2007).
Finally, estimates of the anomalous resistivity are made, following methods
outlined in Wilson et al. (2014a,b). As previously observed and moderately
agreed with in this study, IAWs dominate the region near interplanetary shocks,
and so the effective collision frequency of IAWs can be used to estimate the
anomalous resistivity provided by the large amplitude waves observed herein.
Taking the analytical form of the collision rate of IAWs (νIAW ) we have
νIAW = ωpe
ε0|δE|2
2nekBTe
where δ E is the measured electric field amplitude of the wave. From this value,
the resistivity is given by
ηIAW =
νIAW
ε0ω2pe
.
As the electron temperature cannot be obtained directly from STEREO in-
struments, we rely on the proton temperature measurements and previous sta-
tistical analysis. The mean (median) temperature ratio for the electron and
proton temperatures in the solar wind is given in Wilson et al. (2018) as 1.64
(1.27). These values can be applied to proton temperature measurements,
and permuted to give a maximum and minimum estimate for both the resis-
tivity and the power dissipated. Additionally, using typical current densities
(j) as given by Wilson et al. (2014a,b) we may estimate the power dissipated
as ηIAW |j|2. For the 2017-10-21 shock, the maximum electric field amplitude
(δEmax) measured is ∼ 213.6mV/m, with downstream proton temperature (Tp)
of ∼ 10.4eV and downstream density (n) of ∼ 25cm−3, which gives a resistiv-
ity value of approximately 830 − 2300Ωm, and a power dissipated of approxi-
mately 8.3 × 10−6 − 0.2µWm−2. Additionally, at the 2017-05-09 shock, with
δEmax ∼ 50.86mV/m, Tp ∼ 4.09 eV, and n ∼ 5.06cm−3 we obtain a resistiv-
ity of approximately 1500 − 3100Ωm, and power dissipated of approximately
1.5× 10−5 − 0.3µWm−2.
5 Conclusions
We show, for the first time, that the waves in interplanetary shock ramps vary
dramatically both in amplitude and mode in the short (.1s) duration of the
ramp. There are also a significant number of large amplitude, ion acoustic-like,
ECDI-like, dispersive electrostatic, electrostatic solitary, and high frequency
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whistler mode waves observed downstream of the shocks. Furthermore, we see
all of these waves in the ramps of IP shocks. Wave amplitudes can reach over 200
mV/m near the ramp of an interplanetary shock. The ECDI-like waves show
properties that are consistent with both simulations (Muschietti and Lembe`ge,
2006, 2013, 2017; Matsukiyo and Scholer , 2006) and previous observations (Wil-
son et al., 2010; Breneman et al., 2013). Note, however, that the simulations
were run only in the foot region of shocks. Previous observations identified
the waves in the foot region, but also in the downstream magnetosheath. This
is only partially consistent with this study where ECDI-like waves are mostly
observed downstream of the shocks.
The presence of electrostatic waves which exhibit a drift in their frequencies
is very clear, though the mechanism controlling the frequency change has not
been determined. Ongoing studies using MMS and ARTEMIS which have search
coil data and provide higher resolution particle measurements could provide fur-
ther insight to these wave modes and the possible mechanisms controlling their
frequencies. Preliminary study of the ARTEMIS and MMS datasets for a few
cases confirm the electrostatic nature of the waves. There also remain other
wave modes which have yet to be identified, such as the left hand polarized
wave observed during the 2017-10-21 event. Further studies utilizing the more
complete data sets from MMS could provide more wave parameters and higher
time resolution particle data could provide evidence of free energy sources avail-
able for generation of these waves. Data from interplanetary shocks at other
distances from the sun (e.g., Parker Solar Probe or MAVEN) could also provide
useful indicators about wave generation.
The results of this study support previous findings of the dominance of inter-
mediate frequency waves (IAW, ECDI, and DEW) near interplanetary shocks,
and in the ramp regions of shocks. This is the first study to track the evo-
lution of waves throughout the shock ramp. The amplitude-based capture of
waves suggests that waves in the regions just downstream of shocks (< 1500
ρgi) usually have larger amplitudes than those upstream (with the exception of
Langmuir waves), contributing to the energy carried in wave-particle interac-
tions. We also observe ECDI waves in the downstream and upstream regions
more often than within the foot and ramps, counter to the expectations from
simulation.
The bursty nature of large amplitude waves, the variability of modes, and
the frequent occurrence of multiple modes at interplanetary shocks indicates the
complexity of shock physics. The large amplitudes, often with significant parallel
electric fields, and the large resistivity values found at some events suggest that
waves play an important role in shock dissipation and particle energization. Our
results also provide strong evidence for the importance of obtaining high-time
resolution particle measurements as well as long duration, high time resolution
electric and magnetic field at interplanetary shocks.
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